A ll cellular messenger RNAs (mRNAs) have a 7-methylguanosine (m7GpppN) cap structure at their 5 ends, which promotes efficient translation and mRNA stability. The cap is recognized by the translation initiation factor eIF4F. eIF4F recruits the 40S small ribosomal subunit near the mRNA cap, which then scans the 5 untranslated region (UTR) toward the initiation codon for subsequent protein synthesis. In conditions of stress or during viral infections, cap-dependent translation is compromised. Internal ribosome entry sites (IRESs) can bypass the cap to recruit ribosomes internally to the transcript, helping to secure appropriate protein synthesis under such conditions. On page 240 of this issue, Weingarten-Gabbay et al. (1) report the systematic discovery of cellular and viral IRESs, identifying a substantial fraction of mRNAs (~10%) and viruses (~20%) with the potential to be translated by this cap-independent mechanism.
IRESs were first discovered as complex structures in the 5UTRs of picornavirus transcripts and were later found to occur in other viral and cellular mRNAs (2) . IRESs interact with translation initiation factors, with bridging RNA-binding proteins, or with the small ribosomal subunit itself, leading to ribosomal positioning at or near the initiation codon and typically promoting translation initiation with little or no ribosomal scanning. IRESs have also been found as short sequence elements that can form base pairs with ribosomal RNA (rRNA), similar to Shine-Dalgarno sequences in bacterial translation initiation (3) . IRESs lack common features that allow bioinformatic prediction, calling for experimental approaches to identify them.
The standard test to detect IRES activity within a given sequence is the bicistronic reporter assay, where the candidate sequence is placed between two open reading frames (ORFs) or "cistrons" and is tested for its ability to direct translation of the downstream cistron (4). The typically modest activities of cellular IRESs in the bicistronic assay, together with some poorly controlled published experiments, have fueled skepticism regarding the prevalence of IRESs in cellular mRNAs. However, the existence of ribosomal proteins seemingly dedicated to IRES-dependent translation supports IRESs as potentially important effectors of cellular mRNA translation (5, 6) . Segal and colleagues (1) established a high-throughput bicistronic reporter assay to quantify IRES-dependent translation driven by thousands of fragments, 174 nucleotides in length, derived from cellular and viral mRNAs. A set of 583 cellular and 471 viral novel 5´UTR IRESs emerged, with suitably rigorous controls showing they are neither cryptic promoter artifacts nor splice site artifacts.
IRESs revealed by mutagenesis experiments can be classified into two types: "global" IRESs where complex, extended RNA structures are required to drive capindependent translation, and "local" IRESs defined by short sequence motifs typically located within 60 nucleotides upstream of the initiation codon. Interestingly, some of these "local" IRES sequences display complementarity to a region of 18S rRNA, helices h23 and h26, that was previously shown to contact mRNA (see the figure) . Using scanning oligonucleotides with complementarity to the entire 18S rRNA sequence in the bicistronic assay, a distinct region of 18S rRNA (nucleotides 812 to 1233) including h23 and h26 was systematically defined as "active" for mediating IRES function by mRNA complementarity. Whereas "global" IRESs could aid in ribosome recruitment by the interaction with translation initiation or other bridging RNA-binding factors, the "local" IRESs could in large part be based on Shine-Dalgarno-like mRNA-rRNA complementarity.
IRESs populate not only the 5UTR but also the ORF itself and, surprisingly, the 3UTR. Although the latter is intriguing and may suggest "shunting" of ribosomes from the 3UTR to the initiation codon, possibly mediated by mRNA circularization (7), their unnatural placement upstream of an ORF in the bicistronic reporter assay calls for evaluation of these sequences within their natural contexts. Furthermore, the 3UTR may contain cap-independent translation enhancers (CITEs), which can also function when placed at the 5UTR (8) . CITEs, found in plant viruses, recruit translation initiation factors and deliver them to the 5 end of the mRNA via long-distance base pairing with the 5UTR. Translation from CITEs requires scanning and therefore differs from IRES-mediated translation.
The article by WeingartenGabbay et al. suggests that IRESmediated translation is also widespread among viral RNAs. Fragments with IRES activity have been found along the polyprotein region of several viruses, implying that IRESs might drive the independent expression of viral proteins from within the major polyprotein ORF. This in turn might stimulate research into new antiviral strategies.
Recent findings indicate that adenosine methylation (m 6 A) in the 5UTR can also stimulate cap-independent translation through interactions with eIF3 (9) . This type of translation differs from IRES-driven translation because it requires scanning and a free 5 end. Together with the work of Weingarten-Gabbay et al., these results illustrate the diversity of cap-independent translation initiation mechanisms in mammalian cells. ■
